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Since the  e a r l y  1 9 6 0 8 s  t h e r e  has  been much i n t e r e s t  i n  t he  
o x i d a t i v e  dehydrogenation and ammoxidation of mono-olefins t o  d io-  
l e f i n s ,  a ldehydes ,  and n i t r i l e s .  1 , 2 , 3  Although most work r e p o r t e d  
i n  the  open l i t e r a t u r e  d e a l s  w i t h  t h e  use of bismuth oxide-moly- 
bdenum oxide systems (bismuth molybdates) , many pure me ta l s ,  s i n g l e  
meta l  ox ides ,  o r  mixed metal  ox ides  have a l s o  been mentioned a s  
c a t a l y s t s  f o r  t h e s e  r e a c t i o n s .  Mechanis t ic  s t u d i e s  2 ,4  have demon- 
s t r a t e d  t h a t  t h e  i n i t i a l  s t e p  i s  an a l l y l i c  hydrogen a b s t r a c t i o n  
from the  o l e f i n  and t h a t  some type of ox ida t ion- reduc t ion  r e a c t i o n  
5 
occurs  i n  t h e  c a t a l y s t  s t r u c t u r e  i t s e l f .  ~t was thought  t h a t  t h e  
use of a  mixed oxide c a t a l y s t  having a  known c r y s t a l  s t r u c t u r e  and 
inco rpo ra t ing  m e t a l l i c  i o n s  of v a r i a b l e  o x i d a t i o n  s t a t e  might l ead  
t o  an e f f e c t i v e  c a t a l y s t  and shed a d d i t i o n a l  l i g h t  on the  r e a c t i o n  
mechanism. 
Various f e r r i t e  s p i n e l  s t r u c t u r e s  seemed w e l l  s u i t e d  f o r  such 
s t u d i e s ,  a s  t h e  c a t i o n  d i s t r i b u t i o n s  i n  t he  s p i n e l s  a r e  f a i r l y  w e l l  
e s t a b l i s h e d  and t h e  f e r r i c  ions  o f f e r  t he  a v a i l a b i l i t y  of a  reduc i -  
6  
b l e  c a t i o n .  Moreover, one s tudy  showed t h a t  Pe203 g i v e s  t h e  g r e a t -  
e s t  y i e l d  of bu tad iene  from pure 1-butene of any of a  group of t r a n -  
sition metal  ox ides ;  a s  expected t h e  ferrites a r e  a c t i v e  c a t a l y s t s  
f o r  these reactions. 7 # 8  The ferrites chosen f o r  t hese  studies were 
9 , l O  CoFe204 and CuFe 0 both  of which have an i nve r se  s p i n e l  structure. 2 4' 
The inve r se  s p l n e l  s t r u c t u r e  has  t h e  +2 o x i d a t i o n  s t a t e  meta l  
c a t i o n s  (Co and Gu i n  t h e s e  cases)  occupying o c t a h e d r a l l y  coordl-  
nat-ed p o s i t i o n s ,  whereas h a l f  of t h e  +3 c a t i o n s  (Fe) occupy oc t a -  
h e d r a l l y  coord ina ted  p o s i t i o n s  whi le  t h e  o t h e r  h a l f  of t h e  9 3  
c a t i o n s  occupy t e t r a h e d r a l l y  coord ina ted  p o s i t i o n s .  Add i t i ona l ly ,  
z i n c  a luminate ,  a  normal s p i n e l ,  was i n v e s t i g a t e d  i n  o r d e r  %o de- 
termine i f  t h e  s p i n e l  s t r u c t u r e  a lone was s u f f i c i e n t  t o  produce an 
a c t i v e  c a t a l y s t .  
EXPERIMENTAL 
The samples of c o b a l t  f e r r i t e  and copper f e r r i t e  were ob ta ined  
from Alfa  Ino rgan ic s  and were t h e i r  normal commercial p r e p a r a t i o n .  
Both were used a s  b l ack  powders. The z i n c  aluminum s p i n e l  was a  
p r e p a r a t i o n  k i n d l y  supp l i ed  by Esso Research and Engineer ing 
Laboratory;  t h e  f i n e ,  whi te ,  homogeneous powder was used a s  supp l i ed ,  
Small  amounts of c a t a l y s t s  were placed between g l a s s  wool p lugs  
and s e a l e d  i n t o  a  g l a s s  r e a c t o r  which could be a t t a c h e d  t o  a  h igh  
vacuum r e c i r c u l a t i o n  system having a  volume of 3 6 5  m l .  Each c a t a -  
l y s t  sample was given the  fo l lowing  i n i t i a l  p re t rea tment :  evacua- 
-6 
t i o n  a t  520°6 t o  d l 0  T o r r ,  t r ea tmen t  w i t h  a c i r c u l a t i n g  7 7 O K  
-6 
t rapped  0 s t ream a t  520°C f o r  two hours ,  and re-evacuat ion t o  10 2 
torr a t  52O0C, The temperature  of t h e  r e a c t o r  was t h e n  lowered t o  
the  d e s i r e d  r e a c t i o n  temperature  where t he  c a t a l y s t s  were u s u a l l y  
treated w i c h  O f o r  10 rnins, followed by  evacuation, before ad- 2 
mission of the premixed r e a c t a n t s .  Af te r  each experimental run, 
the  c a t a l y s t  sample was normally " re-ac t iva ted"  by O2 t reatment  
e i t h e r  a t  520°C o r  a t  r eac t ion  temperature.  The reac to r  contained 
a  thermocouple we l l  t o  enable continuous monitoring of the  c a t a l y s t  
temperature on a  potent iometr ic ,  s t r i p c h a r t  recorder .  Temperature 
r i s e s  measured i n  t h i s  manner a r e  n e c e s s a r i l y  minimum values,  a s  
any t r a n s i e n t  temperature increases  must be t ransmi t ted  through 
the  g l a s s  wa l l  of the  thermocouple we l l .  
Dried 0  was used f o r  both the  a c t i v a t i o n  of the  c a t a l y s t  2 
samples and a s  r e a c t a n t .  A l l  butene samples ( P h i l l i p s  Research 
Grade) were subjected t o  seve ra l  f r eeze  a t  77OM-pump-thaw cyc les  
before being used as  r e a c t a n t s .  
The gas chromatographic system cons is ted  of a  3/8 i n  x 25 f &  
column of 25% propylene carbonate on 80j100 mesh AW ehromososb w 
thermostat ted a t  O06, a  Gow-Mac JDC-133 d e t e c t o r ,  and a Hewlett- 
Packard Model 7100 BR recorder  with a  Disc i n t e g r a t o r .  A second 
recorder  pen measured the  output  from a  thermocouple pos i t ioned i n  
the c a t a l y s t  bed. Analyses were ca lcu la ted  on the  b a s i s  of & of 
the  C02 a reas  observed and were evaluated e i t h e r  f o r  a11 component.s 
of the  r eac t ion  mixture o r  f o r  only carbon conLaining components. 
Analyses reported herexn  are  on thls latter basis, exc3ey;.i- far oxygcn, 
w h ~ c h  1 s  on the former b a s l s .  
Deuterium exchange s t u d i e s  of t h e  r e a c t ~ o n s  were carried o u t  
wi th  peudeuterio-trans-2-butene prepared i n  our  l a b o r a t o r y ,  The 
i n d i v i d u a l  butene isomers were t rapped  a t  77OK a s  t hey  emerged 
from t h e  chromatograph and were analyzed f o r  deuterium c o n t e n t  on 
a  CEC 21-104 mass spectromeker opera ted  a t  low i o n i z i n g  v o l t a g e ,  
The u s u a l  f ragmenta t ion  and C-13 c o r r e c t i o n s  were made. 
E l e c t r i c a l  c o n d u c t i v i t y  measurements were conducted i n  t he  
r e a c t o r  shown i n  F igure  1. The c a t a l y s t  samples were prepared by 
packing a  s h o r t  l e n g t h  of f r i t t e d  g l a s s  t ub ing  wi th  an aqueous 
s l u r r y  of t h e  c a t a l y s t .  p la t inum gauze e l e c t r o d e s ,  t o  which 
pla t inum l e a d  w i r e s  had been welded, were p o s i t i o n e d  a& each end 
of t h e  tube  and he ld  i n  p l ace  wi th  a d d i t i o n a l  c a t a l y s t  p a s t e .  The 
p e l l e t  assembly was al lowed t o  d r y  i n  a i r  f o r  s e v e r a l  days;  i d  was 
then  i n s t a l l e d  i n  t h e  r e a c t o r  where it  was a c t i v a t e d  by t h e  same 
procedure used f o r  t h e  powdered c a t a l y s t  samples. The pla t inum 
l eads  i s s u i n g  from the  r e a c t o r  assembly were connected t o  a Wayne- 
Merr Un ive r sa l  Bridge,  Model B 2 2 1 A ,  which ope ra t ed  a t  1592 Hz .  
conductance measurements were made by manually ba lanc ing  t h e  b r i d g e ,  
For a l l  t ypes  of experiments t h e  r e a c t i o n  mix tures  were pre-  
pared by p re s su re  measurements on a  Texas Ins t ruments  Model 141 
Servo Pressure  Gauge; t hey  were thoroughly mixed be fo re  be ing  i n -  
troduced to the catalyst at time t = 0. Samples were ~ernod~cally 
removed fsr  GEC analysis hy expansbon into a dosez, LrsuaLly a 
s to ichiometr ic  butene: O2 = 2 : l  mixtu-re w a s  used. A sample of 
the  i n i t i a l  mixture was first taken f o r  chromatographic a n a l y s i s  
be fo re  t he  r e a c t i o n  mixture was d i v e r t e d  over  t h e  c a t a l y s t  sample. 
A t r a p  the rmos ta t t ed  a t  O°C i n  t h e  r e c i r c u l a t i o n  loop allowed t h e  
vapor p re s su re  of  wate r ,  produced i n  t h e  r e a c t i o n ,  t o  i n c r e a s e  
from zero a t  ze ro  time t o  a  maximum of about  4 - 6  Tor r .  
RESULTS 
Reac t ions  i n  t h e  C i r c u l a t i o n  Reactor  System 
Zinc Aluminum S p i n e l  (ZAS) 
The ZAS sample isomerized 1-butene t o  c i s -  and t r a n s -  
2-butene a t  room temperature  b u t  it d i d  no t  c a t a l y z e  t h e  o x i d a t i v e  
dehydrogenation r e a c t i o n .  Inc reas ing  t h e  r e a c t i o n  temperature  t o  
265OC caused t o t a l  o x i d a t i o n  of t he  bu tenes  t o  C0 b u t  no p a r t i a l  2 
o x i d a t i o n  produc t ,  bu t ad i ene ,  was d e t e c t e d .  A t  room temperature  
t he  i somer i za t ion  was h i g h l y  - c i s  s e l e c t i v e ,  and t h e  produc:t r a t i o s  
s t r o n g l y  resembled t h e  r a t i o s  ob ta ined  under s i m i l a r  cond i t i ons  
ll 
wi th  y, '7) -A1203- 
Cobal t  F e r r i t e  
Four samples of CoFe 8 designated Co-A - Co-C, weighed 2 4 "  
0-54, 0.10, 1-0, and 0-50 g ,  r e spec t ive ly ;  the reactants w e r e  ucu-  
ally butene.0 = 100:50 T Q r r  mixtures.  The reac t ions  were nssmally 2 
slow, Lasting from % to a few hours ,  Tsomerlzation t o  other n- 
bu tenes ,  p a r t i a l  o x i d a t i o n  to bu tad iene ,  and o x i d a t i o n  to C O  and 
(20 were t h e  on ly  r e a c t i o n s  observed i n  t h e  temperature  range 2 
300'- 530°C. A s  t h e  temperature  i nc reased ,  t h e  s e l e e t i v i t y  f o r  
t h e  va r ious  produc ts  v a r i e d  such t h a t  t h e  r a t i o  ( p a r t i a l  oxida-  
t i o n )  / ( t o t a l  o x i d a t i o n )  and t h e  r a t i o  ( i sorner iza t ion)  / (oxidaeion)  
bo th  decreased ,  A t  400°C t h e  p a r t i a l l y  ox id i zed  produc ts  about 
equal.led t h e  butene s u f f e r i n g  t o t a l  o x i d a t i o n ,  and t h e  isornerd,za- 
t i o n  produc ts  were cons ide rab ly  l e s s  t han  t h e  ox id i zed  produc ts  a t  
any g iven  r e a c t i o n  t ime.  
D i r e c t  k i n e t i c  measurements were d i f f i c u l t  t o  o b t a i n  f o r  
s e v e r a l  reasons .  F i r s t ,  a  s i g n i f i c a n t  temperature  r i s e  ( u s u a l l y  
a  few degrees  C )  occur red  when the  r e a c t a n t s  were f i r s t  adrni,%ted 
t o  t he  c a t a l y s t .  However, t h e  temperature  r e tu rned  t o  i t s  i n i t i a l  
value  w i t h i n  a  few minutes .  No a t tempt  w a s  made t o  moderate &his 
exotherm by  a d d i t i o n  of an i n e r t  ga s .  Second, t h e r e  was ex t ens ive  
poisoning by t h e  product  bu t ad i ene ,  a s  a d d i t i o n  of 96% butad iene  
t o  a  s tandard  r e a c t i o n  mixture a t  360°C decreased the  r a t e s  of  a P i  
r e a c t i o n s  by about  a  f a c t o r  of 8. Thi rd ,  t h e  p a r t i a l  p r e s su re  of 
wate r  v a r i e d  i n  t h e  r e a c t o r  system from zero t o  4 .6  Tor r  be fo re  
becoming c o n s t a n t ,   ina ally, explos ion  hazards  l i m i t  t he  burene:Q 2 
ratio w h i c h  may be safely employed, 
Despite Lhese experimental. difiiculties, cert.aii-1 y~aPFt.at ,Fve 
observations can be made regarding the reaetlo~ orders, An i n i + f a l  
O /butene  = lO/5O Tor r  mixture w a s  allowed t o  reac t  over C s - E  at 2 
360°C u n t i l  t he  r a t e  became slow ( t h e r e  was s t i l l  cons ide rab le  0 2 
p r e s e n t  i n  t h e  gas  p h a s e ) ,  More 0  (PO T o r r )  was added t o  t h e  r e -  2  
a c t i n g  mixture a f t e r  one hour and aga in  a f t e r  two hours ;  t h e  r e s u l t s  
a r e  shown i n  F igure  2 .  The b reaks  i n  t h e  curves  i n d i c a t e  t h a t  t h e  
r e a c t i o n  i s  somewhat g r e a t e r  t han  ze ro  o r d e r  i n  oxygen. Other ex- 
per iments  ( see  F igure  3)  i n d i c a t e d  a  r e a c t i o n  o r d e r  a l s o  l e s s  than 
u n i t y  i n  bu tene ,  whi le  t h e r e  i s  an inve r se  o r d e r  e f f e c t  of  t h e  
bu tad iene  p a r t i a l  p r e s s u r e .  The fsomerizati .on i.s &s- s e l e c t i v e ,  
a s  t he  i n i t i a l  c i s - / t r a n s -  r a t i o  from 1-butene i s  about $,8 ,  
During r egene ra t ion  w i t h  oxygen between exper iments ,  a  l a r g e  
exotherm was observed i n  t h e  c a t a l y s t  bed,  presumably due t o  re- 
moval of a  carbonaceous r e s i d u e  and/or r eox fda t ion  of t h e  p a r t i a l l y  
reduced c a t a l y s t .  Accumulation of GO i n  t h e  r e c i r c u l a t i o n  t r a p  2 
t he rmos ta t t ed  a t  77'35 provided evidence f o r  t h e  former,  
The r e a c t i o n s  of trans-2-bu%ene were s t u d i e d  a t  4353C 
over  t h r e e  d i f f e r e n t  0.50 gram CUFe 0 samples. Unlike the  C s F e  0  2 4 2 4 
c a t a l y s t s ,  %he f i r s t  exper imenta l  run over  each CuFe C showed an 2 4 
induction period before signif i e a n i  reaction was observed (see 
~l g u r e  4 )  , I he induction per hod w a s  uaot observed on c l u t s e y u e r l t  
exper imenta l  runs  on the  CuFe 0 sample fol lowing re-ac:%i.vat~on, 2 4 
Figure  5 iLEus t r a t e s  t h e  t y p i c a l  r e s u l t s  f o r  t h e  reaction of 
a 50 T o r r  trans-2-butene/28 Tor r  O mixture on a  r e a c t i v a t e d  C2uFe O 2 2 4 
sample. The l-butene and - cis-2-butene produc ts  of t h i s  r e a c t i o n  axe 
produced i n  equ i l i b r ium amounts a t  a l l  t imes .  12 
~ i g u r e  6 i l l u s t r a t e s  t h e  r e a c t i o n  of 50 Tor r  t rans-2-butene 
wi th  t h e  r e a c t i v a t e d  c a t a l y s t  sample, b u t  wi thout  any added oxygen 
gas .  The i n i t i a l  r a t e  of trans-2-butene ' isappearance i.s ve ry  s i m -  
i l a r  t o  t h e  r a t e  shown i n  F igure  5,  where 0 gas  i.s p r e s e n t .  Also, 2 
t h e  i n i t i a l  r a t e  of format ion of each product  from t h e  trans-2-butene 
r e a c t a n t  i s  s i m i l a r  i n  t h e  two c a s e s .  The absence of gas  phase oxy- 
gen becomes e v i d e n t  o n l y  a f t e r  t h e  r e a c t i o n  has  proceeded t o  a  con- 
s i d e r a b l e  e x t e n t .  T o t a l  o x i d a t i o n  of t h e  trans-2-bukene becomes 
l e s s  impor tan t  whi le  p a r t i a l  o x i d a t i o n  t o  bu tad iene  becomes the  
dominant r e a c t i o n ;  t h e  i somer i za t ion  r e a c t i o n  a l s o  i n c r e a s e s  in i m -  
por tance  and a c t u a l l y  exceeds t h a t  of t h e  r e a c t i o n  wi th  gas  phase 
oxygen. 
I n  c o n t r a s t  t o  t h e s e  r e a c t i o n s  on a  f u l l y  ox id i zed  CuFe O 2 4. 
sample, the  r e s u l t s  of t he  r e a c t i o n  of a  50 Torr  t rans -2-butene l  
27 Tor r  O2 on a  reduced CuFe 0 i.e.. a  CuFe 0 sample which ha8 2 4 '  - 2 4 
n o t  been r e a c t i v a t e d  fo l lowing  an exper imental  run ,  a r e  shown i n  
F igure  7 ,  I n  t h i s  case  much l e s s  r e a c t i o n  occurs  and the  i n f t i a l  
xeactlon rates are l e s s  than those on the ox~dized c a t a l y s t  with 
o r  without. gaseous oxygen. The l o s s  of oxygen from t h e  r e a e t i o . ~ .  
mixture ,  however, i s  f a s t e r  than  t h a t  f o r  t h e  ox id i zed  sample, 
The f a c t  thaL Lhe c0 y i e l d  f o r  t h e  reduced c a t a l y s t  i s  much Less 2 
t h a n  t h a t  f o r  t h e  ox id ized  c a t a l y s t  i n d i c a t e s  t h a t  t h e  f a s t e r  l o s s  
of oxygen i s  n o t  due p r i m a r i l y  t o  t h e  combustion of a  carbon r e s i -  
due from t h e  reduced c a t a l y s t .  
Deuterium Exchange S t u d i e s  i n  Trans-2-Butene Oxidat ion 
The d i s t r i b u t i o n  of deuterium i n  t he  product  bu t ad i ene  and 
bu tenes  was i n v e s t i g a t e d  over  bo th  CoFe 0  and CuFe204 a t  435OC. 2  4 
Approximately 25 Tor r  each of trans-2-butene,  pe rdeu te r io - t r ans -  
2-butene and 0  were r e a c t e d  over  each r e a c t i v a t e d  c a t a l y s t  i n  2 
t h e  c i r c u l a t i o n  r e a c t o r  system. Table 1 g i v e s  t h e  deuterium d i s -  
t r i b u t i o n s  observed f o r  t he  i n i t i a l  t rans-2-butene r e a c t a n t  and 
f o r  t he  produc ts  over  CoFe 0  -D and CuFe 0 c a t a l y s t s .  2  4  2 4 
For t h e  bu tenes  t he  average number of hydrogen/deuterium 
atoms exchanged pe r  mo1ecuI.e can be expressed by t h e  equa t ion  11 
3  8 
ATOMS EXCH/MOLECULE = i Ni + Z (8- i )  N - C i i = O  i=4  
where 6;1 r e p r e s e n t s  t he  mole f r ac t i , on  of each i s o t o p i c  s p e c i e s  i 
con ta in ing  i deuterium atoms.  his formuhation assumes t h a t  a l l  
product  molecules con ta in ing  t h r e e  o r  fewer deuterium atoms o s i g i -  
nated from t h e  do species; all e~ntaining more than four deueerium 
atoms o r i g i n a t e d  f rom thz d, material. Those with f o u x  deuter ium 
ti 
atoms were assumed to stem equally from both directions, The C 
term represents a correction for the d 5' d6 and d7 speei es pre- 
s e n t  i n  t h e  o r i g i n a l  p e r d e u t e r i o  s t a r t i n g  m a t e r i a l .  The co r r ec -  
t i o n  term C was c a l c u l a t e d  by  t h e  equa t ion  
. 8 I Li=4 - PRODUCT i i = 4  8 REACTANT 1 2 Nl 
Thus, it r e p r e s e n t s  a  c o r r e c t i o n  u s e f u l  i n  r e l a t i n g  t h e  t o t a l  
amount of  heavy m a t e r i a l  i n  t he  product  t o  t h a t  i n  t h e  r eac t an . t .  
I so tope  e f f e c t s  may be e s t ima ted  from t h e  r e l a t i v e  r e a c t i v i t i e s  
of t h e  l i g h t  and heavy s p e c i e s  a s  judged from t h e  r a t i o  of l i g h t  
m a t e r i a l ,  
t o  heavy m a t e r i a l  
i n  t he  produc ts  and normalized t o  t h e  s i m i l a r  r a t i o  f o r  t h e  r e -  
a c t a n t s .  The average i so tope  e f f e c t  f o r  formation of a l l  p roduc ts  
may be obtained from the light/heavy ratio of the reacted trans. 
For the buta-diene product the isotope effect may be estimated from 
the ratio of l i g h t  to heavy materzal in the product 
Thi s  fo rmula t ion  assumes t h a t  t h e  d  m a t e r i a l  comes e q u a l l y  from 3  
t h e  l i g h t  and heavy s t a r t i n g  m a t e r i a l s .  This  r a t i o  must a l s o  be 
normalized t o  t h e  l i g h t  t o  heavy r a t i o  of  t h e  s t a r t i n g  bu tene .  
The c a l c u l a t i o n  of t h e  average number of hydrogen/deuterium atoms 
exchanged p e r  molecule of bu tad iene  formed i s  more d i f f i c u l t  due 
t o  t h e  l o s s  of two hydrogens/deuteriums from t h e  molecule. The 
formula,  
2 6 
ATOMS EXCH/MOLEC = i N + Z ( 6 - i )  Ni i i=O i = 3  - 
which i s  analogous t o  t h a t  f o r  t h e  bu tenes ,  may be used.  The form 
of t h e  c o r r e c t i o n  term c i s  u n c e r t a i n ;  however, i t s  value may be 2 
es t ima ted  f a i r l y  a c c u r a t e l y  a s  l y i n g  between two l i m i t s ,  Fo r  
C2 = 0 an upper l i m i t  i s  ob ta ined  f o r  t h e  number of exchanged 
atoms/molecule. A l t e r n a t i v e l y ,  
6 
+ N j  + f Ni 
I [ i = 4  I BUTAD IENE i i=4  REACTANT 
i = 4  REACTANT 
should g ive  a  lower l i m i t  t o  t he  exchange s i n c e  the  observed i so -  
tope e f f e c t  w i l l  cause a  s l i g h t  i n c r e a s e  i n  the  mole f r a c t ~ o n s  s f  
6 
the heavy species in the p r o d u c t ,  t h u s  m a k ~ n g  the  N -t- N 3 1 i - 4  
term g r e a t e r  t han  i t  should b e ,  r e l a t i v e  t o  t h a t  term of t h e  
r e a c t a n t s ,  Perhaps a more correct method for evaluating the num- 
b e r  of atoms exchanged p e r  molecule i n  t h e  butad1,ene i s  t o  calcfi- 
l a t e  t h e  expected deuterium d i s t r i b u t i o n  i n  t h e  bu tad iene  b y  
s t a t i s t i c a l  methods us ing  t h e  known d i s t r i b u t i o n  of t h e  s t a r t i n g  
butene and t h e  i so tope  e f f e c t  found above f o r  t h e  bu tad iene  forma- 
t i o n .  Such a  c a l c u l a t i o n  l e a d s  t o  a  va lue  of  atoms exchanged pe r  
molecule which i s  t o  be  expected i f  no a c t u a l  exchange occu r s ,  
t h a t  i s ,  t o  a  va lue  f o r  e 2 ' Values r e p o r t e d  f o r  bu tad iene  a r e  
c a l c u l a t e d  by t h i s  l a t e r  method. 
~t is  p o s s i b l e  t o  c a l c u l a t e  t he  amount of carbon d iox ide  which 
has  been formed from l i g h t  and heavy r e a c t a n t  from a  m a t e r i a l  ba lance  
on t h e  H and D atoms. The r a t i o  of C0 from l i g h t  m a t e r i a l  t o  t h a t  2 
from heavy m a t e r i a l  g i v e s  an i so tope  e f f e c t  value  f o r  C0 produc t ion .  2 
These i so tope  e f f e c t  va lues  were 1 .4  f o r  t h e  CoFe 0  and 4.5 f o r  t h e  2 4  
CuFe 0  on a  t o t a l  b a s i s  o r  1.04 and 1 - 1 8 ,  r e s p e c t i v e l y ,  on  a  per 2 4  
hydrogen removed b a s i s ,  Table I1 g i v e s  t h e  va lues  of t he  i so tope  
e f f e c t s  observed and t h e  c o r r e c t e d  va lues  of t h e  number of atoms 
exchanged per  molecule.  
F igure  8 r e p r e s e n t s  t he  e l e c t r i c a l  c o n d u c t i v i t i e s  measured 
th rough  a CoFe 0 catalyst held in a p o ~ s u s  glass cylinder 2 4 
cJu;?ring (a) i + s  reacUtlorr w i t h  52 T o r r  trans-2-butenpi (Tn) 1-5.a 
reoxidation with a 77°K t r apped  L O 8  TOrsp 8 streara, and (c) 1r.s 2 
r e a c t i o n  with a 49 Tor r  t rans-2-butenel24 Torr 0 s t ream,  Such 
2 
d a t a  i s  t y p i c a l  of r e s u l t s  obtaimed on t h i s  " p e l l e t M .  S ince  t h e  
e x a c t  p e l l e t  geometry i s  no t  known, on ly  a b s o l u t e  conduc t iv i ty  
read ings  a r e  r e p o r t e d .  The conduc t iv i ty  va lues  observed f o r  the  
t o t a l l y  ox id i zed  p e l l e t  fo l lowing  each of s e v e r a l  r e a c t i o n  c y c l e s  
va ry  by about  - + 25% of t h e  average abso lu t e  read ing ;  however, t h i s  
v a r i a t i o n  i s  sma l l  when compared wi th  t h e  o r d e r  of magnitude changes 
t h a t  a r e  observed upon performing reduc t ion-oxida t ion  r e a c t i o n s  
over  t h e  c a t a l y s t .  Prolonged r educ t ion  of t h e  p e l l e t  wi th  t r a n s -  
2-butene l e d  t o  a  conductivi-ky of about 62 mMho a f t e r  fou r  d a y u s  
r e a c t i o n  t ime.  The energy gap f o r  a  red.uced p e l l e t ,  C]-= 11.8 mMho 
at 420°C, was found by f i t t i n g  c o n d u c t i v i t y  ve r sus  temperature  d a t a  
t.o t h e  equa t ion  
8- = A EXP - E / ~ I C T  
The value of 0 -30  ev was determined f o r  E .  For t he  f u l l y  ox id i zed  
p e l l e t  a  value  of 0.65 ev  was observed.  
D I S C U S S I O N  OF RESULTS 
The f a c t  t h a t  t h e  z i n c  aluminum spinel was not an a c t i v e  
c a t a l y s t  f o r  t h e  o x i d a t i v e  dehydrogecation of butene t o  bu tad iene  
immediately suggests that t h e  s p i n e l  s t r u c t . u r e  itself 1s not a 
s u f f i c i e n t  c r i t e r i o n  for c a t a l y t i c  a c t x v i t y ,  T h ~ s  f i n d i n g  i s  n o t  
t o t a l l y  unexpected,  The presence of a reducible  c a t i o n  appears  
24- t o  be necessary  t o  g ive  a c t i v i t y  t o  t h e  sp i .ne l s .  Nei ther  Z n  
3+ 
nor  Al i s  e a s i l y  r educ ib l e  whereas Fe3+ can be r e a d i l y  reduced 
2+ 2+ 
t o  Fe . Thi s  r educ t ion  of Fe3+ t o  Fe by butene i n  a  Fe 0 2 3  
c a t a l y s t  has  r e c e n t l y  been confirmed by t h e  au tho r s  through t h e  
use  of Massbauer spectroscopy.  
The k i n e t i c s  of t h e  - n-butene r e a c t i o n s  over  bo th  c o b a l t  and 
copper f e r r i t e s  a r e  no t  s imple .  S t rong  i n h i b i t i o n  of t h e  r e -  
a c t i o n s  by bu tad iene  i s  i n d i c a t e d ,  F igure  2 sugges t s  t h a t  t he  
dependence of t h e  o x i d a t i o n  r a t e s  on t h e  oxygen concen t r a t i on  i s  
c l o s e  t o  ze ro ,  y e t  d e f i n i t e l y  no t  ze ro .  The s i m i l a r i t y  of t h e  
i n i t i a l  l o s s  of  butene shown i n  F igu res  5 and 6 (one wi th ,  t he  
o t h e r  wi thout  gaseous 0 ) i n d i c a t e s  t h a t  t h e  c a t a l y s t  oxygen has  2 
a  major e f f e c t  on t h e  r e a c t i o n  r a t e s  whereas t he  gas  phase oxygen 
may se rve  on ly  i n  r e o x i d i z i n g  t h e  c a t a l y s t  i t s e l f .  The much lower 
r e a c t i o n  r a t e s  shown i n  F igure  7 (reduced c a t a l y s t )  confirm t h i s  
p a r t i c i p a t i o n  by c a t a l y s t  oxygen and t h a t  gas  phase oxygen s e r v e s  
t o  r eox id i ze  t h e  reduced c a t a l y s t .  
The copper f e r r i t e  i s  about 10 t imes more a c t i v e  on a  weight 
b a s i s  t han  i s  t h e  c o b a l t  f e r r i t e ,  However, t h e  s e l e c t i v i t y  of 
t h e  o x i d a t i o n  r e a c t i o n  t o  butaadiene i s  much poorer  on the  copper 
ferrlte, Addit lonally, the rsornerizat ion of the starting -- trans- 
2-butene over  t he  copper f e r r i t e  y i e l d s  the  equs l ib r ium r a t ; ~  of 
%.-2- / ' l -butenes,  whereas over eobalt f e r r i t e  t h e r e  i s  a s m a l J  
pre fe rence  f o r  forming 1-butene over  the  - c i s  isomer,  The g reace r  
r e d u c i b i l i t y  of t h e  copper ion  r e l a t i v e  t o  t h e  c o b a l t  may be the  
major f a c t o r  i n  t h e  d i f f e r e n c e  i n  a c t i v i t y  of %he two c a t a l y s t s .  
The e l e c t r i c a l  c o n d u c t i v i t y  s tudy  of t h e  c o b a l t  f e r r i t e  shows 
t h a t  a d e f i n i t e  s t eady  s t a t e  of t h e  c a t a l y s t s  e x i s t s  du r ing  t h e  
o x i d a t i v e  dehydrogenation r e a c t i o n .  This  s t e a d y  s t a t e  c o n d u c t i v i t y  
i n d i c a t e s  a  p a r t i a l  r educ t ion  of t h e  c a t a l y s t  t o  a l e v e l  which i s  
r e l a t i v e l y  c l o s e  to i t s  f u l l y  ox id i zed  s t a t e .  For example, i f  one 
assumes an e m p i r i c a l  l i n e a r  dependence of c o n d u c t i v i t y  on degree 
of r educ t ion ,  a  rough e s t i m a t e  of t h e  s t eady  s t a t e  r educ t ion  can 
be c a l c u l a t e d .  Based on a  c o n d u c t i v i t y  of  PO0 p ~ h o  f o r  a  f u l l y  
ox id i zed  p e l l e t  and 62,000 PMho f o r  a  c a t a l y s t  reduced a s  eom- 
p l e t e l y  a s  p o s s i b l e  wfth  t rans-2-butene,  one o b t a i n s  a  va lue  of 
o n l y  0.2% reduc t ion  i n  t h e  s t eady  s t a t e  which showed a  conduct iviky 
of 250 ,U.Mho. 
The shape of t h e  c o n d u c t i v i t y  ve r sus  t ime p l o t  i n  F igure  8a 
seems t o  i n d i c a t e  a  f a s t  r e a c t i o n  of butene wi th  t h e  s u r f a c e  
oxygen of t h e  CoFe 0 followed by a slower r e a c t i o n  wi th  t h e  bu lk  2 4 
oxygen. F igure  8b shows t h a t  r eox ida t ion  of t h e  reduced c a t a l y s t  
w i t h  pure oxygen i s  q u i t e  f a s t ,  Superpos i t ion  of  t h e  d a t a  of 
Figures 8a and 8b y i e l d s  a point of  i n t e r s e c t i o n  of the t w o  graphs 
at: about 200 ILMho, This  p o m t  could then be p r e d i c t e d  as the  
approximate steady s t a t e  conductivity that would be observed if 
a  butene-oxygen mixture had been added t o  the  reactor, The 
s t e a d y  s t a t e  c o n d u c t i v i t y  of about 250 u . ~ h o  shown i n  F igu re  8c  
con£ i r m s  t h i s  p r e d i c t i o n .  The break  p o i n t  of t he  conduc t iv i ty -  
t ime curve a t  about 800-900 PMho shown i n  F igure  8a may r ep re -  
s e n t  t h e  pohnt where s u r f a c e  oxygen i s  completely removed. I f  
t h a t  i s  t r u e ,  t h e  s t eady  s t a t e  observed du r ing  r e a c t i o n  a t  250 
pMho i n d i c a t e s  t h a t  t h e  c a t a l y s t  su r f ace  i.s about 20% reduced 
13  
a t  i t s  o p e r a t i n g  s t eady  s t a t e .  Somewhat s i m i l a r  s t u d i e s  have 
been c a r r i e d  o u t  du r ing  propylene o x i d a t i o n  over  bismuth moly- 
bda t e  . 
The co - r eac t ion  of normal and p e r d e u t e r i o  trans-2-butene 
can l ead  t o  in format ion  concerning t h e  na tu re  of t h e  r e a c t i o n .  
I so tope  e f f e c t s  observed f o r  bu tad iene  and butene produc t ion  
over  c o b a l t  f e r r i t e  a r e  h igher  t han  those  observed over  t h e  
copper f e r r i t e ;  va lues  range from about 1 . 4  t o  2.4 ve r sus  b .  l 
t o  1 , 8 .  On t h e  o t h e r  hand, va lues  found f o r  t h e  number o f  atoms 
exchanged pe r  molecule a r e  lower on t h e  c o b a l t  than  on t h e  copper 
f e r r i t e ,  t he  va lues  range from 0.02 t o  0 ,13 and from 0.20 t o  0.36,  
r e s p e c t i v e l y ,  Nei ther  c a t a l y s t  showed any exchange i n t o  t h e  
r e a c t a n t  trans-2-butene , I f  each i somerizat ion r e a c t i o n  were 
accompanied by the exchange of one hydrogen a t o m ,  t h e n  for t h e  
1 x 1  l i g h t  t o  heavy r e a c t a n t  mixture used, t h e  value of 0.5 would 
be expected f o r  the nunber  of atoms exchanged per m e l e c u l e  ~ i n c e  
one ha l f  of t h e  r e a c t i o n s  would be between l i k e  molecules ,  which 
would produce no observable  exchange. The exchange of - c a .  0 ,34 
molecules i n t o  bo th  c is-2-  and 1-butene over  CuFe 0 may i n d i c a t e  2  4 
two s e p a r a t e  r e a c t i o n  pathways. The f i r s t  pathway involves  an 
in t e rmolecu la r  hydrogen exchange whereas t h e  second pathway in -  
vo lves  an in t r amolecu la r  mechanism. The r e l a t i v e  importance of 
t h e  two r o u t e s  would be about  2 t o  1. Over t he  CoFe204, t h e  i so -  
mer i za t ion  r e a c t i o n  proceeds by a predominently i n t r amolecu la r  
p a t h ,  Butadiene i s  produced w i t h  e s s e n t i a l l y  no hydrogen ex- 
change over  CoFe 0 whereas over  CuFe 0  about 2/5's of t h e  2 4 2  4 
molecules have undergone exchange. The hydrogen exchange i n t o  
t h e  bu tad iene  over  t h e  more a c t i v e  CuFe 0 may t ake  p l ace  a f t e r  2 4 
t h e  a c t u a l  bu tadfene  format ion r e a c t i o n  through a  subsequent  
scrambling r e a c t i o n .  
Assuming t h a t  t h e r e  i s  a  d i f f e r e n c e  i n  a c t i v a t i o n  energy 
f o r  hydrogen ve r sus  deuterium con ta in ing  s p e c i e s  of about  
1 kcal/mole, t h e  observed i so tope  e f  f  e e t s  may be approximately 
c o r r e c t e d  t o  room temperature  i s o t o p e  e f f e c t s .  These room tem- 
p e r a t u r e  i so tope  e f f e c t s  a r e  i n  t h e  range of 4  t o  5 f o r  product  
formation over  CoFe Q and 3 t o  4 over  CuFe 0 2 4* These va lues  2 4 
indicate a prlrnary i so tope  effect o v e r  bo th  c a t a l y s t s , a n d  that 
C-H bond cleavage 1s probably involved I n  the rate determinsng 
s t e p ,  An a l l y l i c  hydrogen a b s t r a c t i o n  is i n  agreement w l th  
these data, as ~reviously reported for propylene ox%dal$on on 
2 bismuth rnolybdate o r  on cuprous ox ide .  The i so tope  e f f e c t  pe r  
hydrogen removed f o r  t h e  bu tad iene  (1.6 on CoFe 0 and 1 - 3  on 2 4 
CuFe 0  ) i n d i c a t e s  t h a t  t h e  removal of each hydrogen could be  2 4 
a  slow s t e p  i n  t h e  r e a c t i o n  pathway. The s e q u e n t i a l  removzl of 
hydrogen atoms may a l s o  be i n d i c a t e d  by t h e  t o t a l  i s o t o p e  e f f e c t s  
observed over  each c a t a l y s t  f o r  carbon d iox ide  format ion.  The 
value of  1.36 over  CoFe 0 could be  accounted f o r  by a  s i n g l e  2 4 
hydrogen a b s t r a c t i o n .  The va lue  of 4.54 over CuFe 0 appears  t o  2 4 
be h igh ;  i t s  de te rmina t ion  i s  s u b j e c t  t o  t h e  compounding of  
e r r o r s  i n  t h e  i n d i v i d u a l  ana lyses  and may be a s  low a s  2 . 3 ,  
which would aga in  be reasonable  f o r  a  s i n g l e  hydrogen a b s t r a c t i o n .  
The average i so tope  e f f e c t s  observed i n  t h e  disappearance of t h e  
trans-2-butene r e a c t a n t  a l s o  l e a d s  t o  a  primary e f f e c t  t h a t  is  
compatible w i t h  a  hydrogen removal i n  t h e  r a t e  determining s t e p .  
CONCLBTS EONS 
Both GoFe 0 and CuFe 0 s p i n e l s  a r e  a c t i v e  c a t a l y s t s  f o r  2 4 2 4 
o x i d a t i v e  dehydrogenation of - n-butenes t o  bu tad iene .  However, 
bo th  s u f f e r  from t h e i r  tendeney t o  c a t a l y z e  t o t a l  o x i d a t i o n  a s  
w e l l ,  Nexther s s  an e f f e c t r v e  - n-but,ene i somer i za t ion  ca ta lys ' c ,  
even a t  h igh  temperatures, Surface and lattice oxygen atoms 
p a r t i c i p a t e  i n  the r e a c t i o n s ,  and t h e  s t eady  s t a t e  ~n  the 
presence of gaseous oxygen, at least f o r  CoFe 8 i s  near  the  2 4 "  
t o t a l l y  oxidized s t a t e .  S e l e c t i v i t y  f o r  the  dehydrogenation 
reac t ion  i s  s t rong ly  dependent on the  presence of gaseous oxygen 
i n  the  case of the  Co c a t a l y s t ,  al though the  s e l e c t i v i t y  over 
the  Cu c a t a l y s t  i s  not  a  s t rong  funct ion  of gaseous oxygen. The 
k i n e t i c s  a re  not  simple; the  pressure  dependencies a re  l e s s  than 
f i r s t  order  i n  both butene and oxygen p ressu res  and the  r e a c t i o n s  
a r e  i n h i b i t e d  by the  presence of butadiene.  C-H bond cleavage is  
probably involved i n  the rate-determining s t e p  of a l l  r e a c t i o n s ,  
although the  r eac t ions  showed some c h a r a c t e r i s t i c s  of both i n t e r -  
and intra-molecular mechanisms. 
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FIGURE CAPTIONS 
F i g u r e  1 Reac to r  Assembly f o r  E l e c t r i c a l  C o n d u c t i v i t y  
Measurements 
F i g u r e  2 P e r i o d i c  Add i t i on  of  10 T o r r  O2 t o  a 10 T o r r  02/  
50 T o r r  1 - ~ u t e n e  Reac t an t  Mixture  o v e r  0.10 g 
CoFe204 at 360°C 
~ i g u r e  3 R e a c t i v i t i e s  o f  50 To r r  t rans-2-butene/28 To r r  0 
and 100 To r r  t rans-2-butene/28 T o r r  O2 Mix tures  2 
o v e r  0.50 g CoFe 0 a t  436OC 2 4 
F i g u r e  4 I n d u c t i o n  Pe r iod  Observed on Reac t i on  of  a 50 To r r  
t rans-2-butene/28 To r r  O2 Mixture  o v e r  0.50 g of  
F r e s h  CuFe 0 a t  435°C 2 4 
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~ i g u r e  7
R e a c t i v i t y  of  a 50 To r r  trarzs-2-butene/28 Torr lO 
Mixture o v e r  0.50 g of  R e a c t i v a t e d  CuFe 0 a t  2 
435°C 2 4 
R e a c t i v i t y  o f  a 50 To r r  t rans-2-butene  ove r  0.50 g 
of  ~ e a c t i v a t e d  CuFe 0 a t  435°C 2 a 
R e a c t i v i t y  of  a 50 To r r  t rans-2-butene/2?  T o r r  0 
Mixture  o v e r  0 .50 g of  Non- reac t iva ted  CuFe 0 2 
a t  435°C 2 4 
E l e c t r i c a l  ~ o n d u c t i v i t i e s  Measured Through a CoFe 0 
" P e l l e t "  During i t s  S e q u e n t i a l  Reac t i on  w i t h  2 4 
( a )  a 52 To r r  t rans-2-butene  s t ream,  
(b) a 7Y0K t r a p p e d ,  108 To r r  O2 s t r eam,  and 
(c) a 49 To r r  trans-2-but.ene/24 T o r r  O2 s t r e am 
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